Glyoxylate and hydroxypyruvate are metabolites involved in the pathway of carbon in photorespiration. The chief glyoxylate-reducing enzyme in leaves is now known to be a cytosolic glyoxylate reductase that uses NADPH as the preferred cofactor but can also use NADH. Glyoxylate reductase has been isolated from spinach leaves, purified to homogeneity, and characterized kinetically and structurally. Chloroplasts contain lower levels of glyoxylate reductase activity supported by both NADPH 
Although the pathway and enzymes associated with photorespiration have been reasonably well characterized for quite some time, recent findings have led to renewed interest in several aspects of the process. Glyoxylate, long known to be a peroxisomally generated intermediate of the photorespiratory carbon oxidation pathway, is able both to deactivate Rubisco and to inhibit its activation (1) . Factors controlling the concentration of glyoxylate in chloroplasts and in other subcellular locations, therefore, need to be characterized if we are to understand the role played by glyoxylate (if any) in regulating photosynthesis under physiological conditions. Glyoxylate reduction in leaves is now known to involve enzymes in more than one subcellular location. This has been shown by recent studies employing contemporary methods of enzyme purification and localization in leaf cells, supplemented by immunological and mutant analyses.
With regard to hydroxypyruvate reduction, the longknown peroxisomal HPR' enzyme has generally been thought to play an indispensable role in mediating the passage of carbon through the photosynthetic carbon oxidation pathway. The recent discovery of a second HPR isoenzyme, however, has now modified this interpretation. The purpose of this brief review is to summarize recent advances in the enzymology of glyoxylate and hydroxypyruvate reduction in leaves and to discuss possible roles played by the relevant enzymes in relation to the control of photosynthesis.
BACKGROUND GR and HPR have been studied for nearly 40 years, but many plant physiologists have probably found the subject rather confusing. The confusion is in part attributable to the use of multiple names for the same enzyme. To make matters worse, the same name has been applied to different enzymes. The existence of multiple enzymes with overlapping specificities lies at the root of the problems in nomenclature. In the mid-1950s, Zelitch (24) first characterized an enzyme from spinach (Spinacia oleracea) and tobacco (Nicotiana tabacum) leaves that used NADH as the preferred reductant in reducing glyoxylate to glycolate and hydroxypyruvate to D-glycerate. At about the same time, Stafford and coworkers (20) also characterized a reductase from parsley that reduced hydroxypyruvate to D-glycerate. The parsley HPR and the 1950s-vintage spinach and tobacco GR are now known to be the same enzyme. This enzyme is best called HPR-1 or peroxisomal HPR. It has been commercially available in substantially purified form (spinach enzyme) for many years and has been well characterized kinetically (14) . The enzyme comprises two equal subunits of mol wt 41,000 (11) .
Peroxisomes are the sole location of HPR-1 as judged by conventional leaf and protoplast fractionation techniques (e.g. 3, 22) and by immunochemical localization studies (18) . HPR-1 is highly active in leaves (see Table I ) and has a clear preference for hydroxypyruvate over glyoxylate (14) ; the reduction of hydroxypyruvate is freely reversible. This enzyme can appreciably reduce glyoxylate but only at high concentrations (Km = 20 mM), indicating that this is clearly a In contrast with earlier reports on the chloroplast-localized GR (22, 25) , this more recently characterized GR enzyme uses both NADPH and NADH for reduction of glyoxylate. The Km for glyoxylate (85 ,uM), however, is about 14-fold lower with NADPH than with NADH (1.1 mM). The Km (NADPH) value of 3 ,uM compares with a Km (NADH) value of 150 ,uM, a difference of 50-fold. The Vmax with NADPH as substrate exceeds that with NADH by about 60%.
On the basis of these kinetic parameters, it is clear that the recently characterized GR enzyme prefers NADPH but is by no means specific for this nucleotide. The activity of this enzyme with hydroxypyruvate as substrate is detectable but is only about 2% of the rate with glyoxylate. GR is readily separable and distinguishable from HPR-1. Even (NH4)2SO4 fractionation is sufficient to resolve GR from HPR-1 to a very considerable extent, with the latter enzyme largely precipitating at concentrations below 45% saturation. Immunological evidence has further confirmed the distinctness of this GR from the HPR-1 enzyme. Anti-HPR immunoglobulin G does not react with purified GR on an immunoblot, and it reacts solely with HPR when a crude soluble extract is probed (7, 11) .
Chloroplast GR activity has generally been found to have a maximum activity of only 3 to 6 ,mol mg-' Chl h-1, and this has been confirmed by several recent studies (3, 15, 25) . In contrast, crude whole-leaf extracts of spinach contain nearly 10-fold higher glyoxylate-reducing activity per unit Chl than do preparations of purified intact chloroplasts (3, 9, 11) . This is not what would be expected if GR were located solely in chloroplasts.
Studies specifically addressing the subcellular location and nucleotide specificities of GR activities (3, 9) have been carried out using direct comparisons of these activities in whole-leaf and purified-chloroplast preparations. In unfractionated soluble extracts of pea and spinach leaves and in lysates of whole pea-leaf protoplasts, NADPH-dependent glyoxylate-reducing activity exceeds the NADH-dependent rates by approximately 2-fold. In relation to Chl content, the NADPH-dependent activity of purified chloroplasts is far less than that of total pea-leaf extracts. Appropriate assay conditions and controls (glyoxylate = 1.25 mM) ensure that the results are not confounded by interference from HPR-1 or by organelle breakage. Fractionation of the lysed protoplasts on sucrose and Percoll gradients has also confirmed that most of a protoplast's glyoxylate-reducing activity is not located in the chloroplasts. Only about 10% of total leaf NADPH-dependent GR can be ascribed to chloroplasts in pea compared with about 20% in spinach.
Rather surprisingly, in both pea and spinach chloroplasts the NADH-dependent glyoxylate-reducing activity is somewhat in excess of the activity supported by NADPH, the opposite of the situation in the soluble cytosolic fraction. This difference in nucleotide preference of chloroplastic and cytosolic GR activities hints at the presence of different isoenzymes or combinations of isoenzymes in the two subcellular locations. Although the enzymological details remain to be confirmed, the evidence indicates that chloroplastic glyoxylate reduction is by no means solely dependent on NADPH. In our hands, protein purification and cell fractionation pro-cedures have not yielded evidence of a GR showing absolute specificity for NADPH as cofactor.
Because glyoxylate reduction can also be accomplished by the NADPH-dependent HPR (see below), the subcellular distribution studies done thus far refer, strictly speaking, to glyoxylate-reducing activity rather than necessarily to an enzyme specifically reducing only glyoxylate. As is discussed below, the HPR and GR enzymes have different inhibitor specificities, so that it should be possible to refine and extend the present conclusions on subcellular distribution of GR. In pea leaves, the acetohydroxamate sensitivity of both cytosolic and choroplastic glyoxylate reduction (3) indicates that the activity is largely mediated by GR, but in some monocots there is evidence for extensive participation of an HPR enzyme in reducing glyoxylate (6, 8) .
The sensitivity of GR to various inhibitors has been studied. The purified enzyme is sensitive to inhibition by acetohydroxamate, with a Ki of 0.3 mm (12). In contrast, HPR enzymes are not sensitive to this inhibitor (6, 10) . It has been demonstrated that glyoxylate reduction, with both NADPH and NADH, is acetohydroxamate sensitive in pea chloroplasts and in cytosolic supematant fractions (3) (although in the latter case the measurement of acetohydroxamate sensitivity is complicated by acetohydroxamate-dependent NAD(P)H oxidation, which must be corrected for, and which also indicates that this inhibitor must be used cautiously in complex extracts or in in vivo situations).
In discussing the conclusions that emerge from recent studies on GR, one should emphasize that the bulk of the glyoxylate-reducing activity of spinach and pea leaves resides outside the chloroplasts. This fact bears significantly on interpretations concerning the leaf cell's enzyme machinery for scavenging glyoxylate. Nevertheless, it must be noted that significant amounts of GR activity are present within chloroplasts. This limited chloroplastic GR activity merits further study, particularly with reference to its better use of NADH in comparison with its cytosolic counterpart.
HPR: RECENT ADVANCES
The formation of hydroxypyruvate in leaves takes place through the action of a peroxisome-localized serine-glyoxylate aminotransferase (5). This enzyme transaminates glyoxylate to glycine and produces hydroxypyruvate as the other product. As mentioned earlier, hydroxypyruvate is readily reduced to D-glycerate in peroxisomes by the highly active HPR-1 enzyme. Because the peroxisomal HPR-1 enzyme was until recently the only known enzyme plausibly capable of reducing hydroxypyruvate, it has generally been assumed that the reduction of hydroxypyruvate takes place exclusively in peroxisomes. Many ideas have been debated in attempts to explain the source of the NADH needed to support hydroxypyruvate reduction within the organelles (5). Nevertheless, evidence is available that suggests that the ability of leaf extracts to reduce hydroxypyruvate need not necessarily rely exclusively on NADH as the only reductant because NADPH can also support hydroxypyruvate reduction. In view of the known ability of HPR-1 to use NADPH (albeit less efficiently than NADH) (6, 14) , and because of the very high activity of this enzyme, it has been thought likely that the NADPHdependent reduction of hydroxypyruvate is attributable only to HPR-1. This conclusion must now be revised.
Recent research (7, 10) has demonstrated that leaves contain a second and distinct HPR enzyme, HPR-2, which prefers NADPH over NADH. HPR-2 was originally discovered by assaying the activities of both NADH-and NADPHdependent hydroxypyruvate reduction during fractionation of soluble spinach leaf extracts. HPR-2, which has been purified to near homogeneity, is somewhat smaller than the peroxisomal HPR-1 and is composed of two subunits, each having a mol wt of approximately 38,000. This enzyme can react with glyoxylate in addition to hydroxypyruvate and can also use NADH, but kinetic experiments have shown that the activity with hydroxypyruvate and NADPH is at least double that with any other pair of substrates. These substrate preferences are shown only by HPR-2 and are not found with any other purified leaf reductases or with unresolved leaf extracts.
In crude extracts, HPR-1 activities predominate, and NADPH-dependent rates of hydroxypyruvate reduction often represent an artifact resulting from the action of endogenous phosphatases, which can generate NADH from NADPH, and, therefore, lead to hydroxypyruvate reduction catalyzed by HPR-1 (6, 7). For HPR-2, Km (hydroxypyruvate) = 0.8 mm at pH 6.5. A prominent kinetic feature of the enzyme is its susceptibility to severe inhibition by supraoptimal hydroxypyruvate levels, especially at pH values above 6.0. Although separation of HPR-2 from HPR-1 is achieved fairly easily by (NH4)2SO4 fractionation, its resolution from GR has been accomplished only at a late stage of purification by gel-filtration chromatography.
The NADPH-dependent hydroxypyruvate-reducing activity of pea leaf protoplasts is largely located in the cytosol (i.e. it is soluble and not organelle-associated), in contrast with the peroxisomal HPR-1 (9) . Polyclonal antibodies prepared against HPR-2 fail to react significantly with HPR-1 in crude leaf extracts. HPR-1 antibodies react with HPR-2 in some cases, but relatively weakly (7) . HPR-2 is extremely sensitive to inhibition by oxalate, which has Ki values on the order of micromoles (8, 13) , whereas oxalate does not affect GR or HPR-1 activities. Tartronate and P-hydroxypyruvate also inhibit HPR-2, but less severely than oxalate; HPR-1 and GR are not sensitive to these inhibitors (7, 13) . Neither HPR-1 nor HPR-2 is inhibited by acetohydroxamate, which severely inhibits GR.
Even though the identification and characterization of the extraperoxisomal HPR-2 seem solidly based, estimation of the contribution that this enzyme makes to the total hydroxypyruvate-reducing activity of leaves is not particularly straightforward. On the surface, HPR-2's contribution would appear to be at best modest, because the total NADH-dependent activity in a leaf generally outstrips the NADPH activity by a factor of 5 to 10 (see Table I ). Can HPR-2, whose total activity is low compared with that of HPR-1, really provide the leaf cell with a significant additional metabolic option? At least a partial answer comes from recent studies on a photorespiratory mutant of barley.
Screening for photorespiratory mutants in the manner first described by Somerville and Ogren (19) for Arabidopsis, P.J. Lea and coworkers discovered a high-CO2-dependent barley mutant virtually devoid of HPR-1. In this mutant, the rate of photosynthesis in air was reduced by only about 25% compared with wild-type control plants, and symptoms of pathology were considerably slower to develop than those observed with many other photorespiratory mutants of barley (R.D. Blackwell, personal communication). When this mutant was allowed to assimilate labeled "4CO2, the pattem of labeled products clearly demonstrated that substrate was passing through the photorespiratory pathway, although there was an abnormal accumulation of label in serine (which is the keto analog of hydroxypyruvate; 17).
The availability of a barley mutant virtually devoid of the peroxisomal HPR-1 enzyme has proved to be very useful in characterizing the properties of HPR-2 and of GR in barley leaf extracts without having to repeat all of the extensive purification of these enzymes previously carried out in spinach. Comparisons of the NADH and NADPH-dependent rates of hydroxypyruvate reduction supported by the barley mutant with those of the wild type indicated that the HPR-2 enzyme was responsible for about 80% of the NADPHdependent hydroxypyruvate reduction in the wild type; 90% of the glyoxylate reduction was attributed to enzymes other than HPR-1 (both with NADPH and NADH as the reducing nucleotide) (7) . Because the glyoxylate reduction was only modestly inhibited by acetohydroxamate, and because there was considerable inhibition of glyoxylate reduction by both tartronate and P-hydroxypyruvate (7, 8) , there appeared to be a predominant role for HPR-2 in mediating glyoxylate reduction in barley.
A similar conclusion had earlier been drawn for maize leaves (6) , in contrast with the situation in pea or spinach, where three-fourths to nine-tenths of the glyoxylate reduction appears to be attributable to GR, based on acetohydroxamate sensitivity (3, 12) . Assays of NADPH-dependent hydroxypyruvate reduction in the mutant have permitted the conclusion that HPR-2 has sufficient activity to cope with the entire flux of carbon through the photosynthetic carbonoxidation (or photorespiration) pathway. If the simplest (perhaps simplistic) view is taken based on nothing more than the levels of enzyme activity, HPR-2 is plausibly able to assume a major role in processing substrate in this pathway.
Properties of the leaf enzymes that reduce glyoxylate and hydroxypyruvate in leaves are summarized in Table I .
PHYSIOLOGICAL ROLES OF GR AND HPR ENZYMES
The usual schemes portraying the pathway of carbon in photorespiratory metabolism (e.g. 2, 5, 19) do not immediately suggest any necessary role for glyoxylate reduction or for extraperoxisomal hydroxypyruvate reduction in photorespiring leaves, at least not if substrates are localized in peroxisomes in the manner that is generally presumed, based on the peroxisomal location of the enzymes that process them.
An important unresolved point is whether reactions in the peroxisomes actually do proceed under conditions allowing maximum rates of catalysis, without limitations imposed by nucleotide cosubstrate availability.
It seems logical to imagine that the role played by glyoxylate-reducing enzymes is that of scavenging the compound, so that any glyoxylate escaping transamination to glycine in the peroxisomes will neither be lost irretrievably from the carbon-oxidation cycle nor enter the chloroplasts and have a deleterious effect on photosynthesis. Both glyoxylate and hydroxypyruvate are evidently confined to peroxisomes (23) . In a recent publication, Heupel et al. (4) concluded that this compartmentation is attributable to properties of the peroxisomal matrix rather than to the existence of a barrier imposed by the membrane bounding the organelles. Physical confinement of glyoxylate and hydroxypyruvate to the peroxisomes would clearly be advantageous to promote the efficient reduction of these substrates and minimize losses of carbon compounds from the photorespiratory carbon pathway. A rigorous confinement of glyoxylate and hydroxypyruvate to peroxisomes would also serve to minimize inhibitory effects of these compounds on a number of chloroplastic enzyme reactions in the photosynthesizing leaf. Millimolar concentrations of glyoxylate inhibit photosynthesis (15, 16) , but the physiological significance of this inhibition is difficult to assess in the absence of reliable measurements of intrachloroplastic glyoxylate levels.
As mentioned earlier, glyoxylate can deactivate Rubisco and slow the activation of this enzyme (1). Although we do not entirely understand what lies behind all the multifarious inhibitory effects of glyoxylate on photosynthesis, it nevertheless seems safe to conclude that any appreciable accumulation of glyoxylate in chloroplasts would have untoward effects on net carbon assimilation. The presence of the cytosolic glyoxylate reductase (3, 11) should act to prevent these inhibitory effects from occurring, and the chloroplastic GR enzyme(s) (3, 9) should provide extra insurance.
Although the weight of recent evidence suggests that confinement of hydroxypyruvate to the peroxisomes may be the general rule (4), the ability of the extraperoxisomal HPR-2 to carry out hydroxypyruvate reduction in the HPR-1-less mutant of barley (7, 17) suggests that the compartmentation of hydroxypyruvate within the peroxisomes is not absolute. Heupel et al. (4) acknowledge the possibility that a minor proportion of peroxisomal glyoxylate and hydroxypyruvate may in some cases escape from the organelles, and that the recently characterized cytosolic GRs and HPRs may reduce and thereby scavenge these compounds. In the case of the barley mutant lacking HPR-1, this does not appear to be a scavenging solely for the sake of elimination of the compound: the glycerate produced by cytosolic HPR-2 can be transferred to the chloroplasts so that the carbon-recovering potential of the photosynthetic carbon oxidation cycle is left largely intact. Indeed, the mutant evidence (17) clearly shows that photosynthesis is only moderately affected by the loss of HPR-1.
The presence of an extraperoxisomal HPR may carry the additional advantage of enabling the cell to make use of reduced pyridine nucleotide outside the peroxisomes. Plant biochemists have had considerable difficulty in reaching agreement about plausible mechanisms to account for the supply of NADH required in the reduction of hydroxypyruvate within peroxisomes (23) ; perhaps the availability of intraperoxisomal NADH does actually limit this reduction in situ. Therefore, the additional option made possible by the cytosolic HPR-2 may be of value. Although there is much still to be learned, it does not seem premature to conclude that the recently characterized cytosolic GR and HPR (10, 11) probably are not enzymes in search of a function, but ones that actually do play significant roles in mediating photosynthetic carbon metabolism.
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